The lightest electroweak baryon as a topological object is investigated by using a general effective Lagrangian of composite electroweak symmetry breaking and the spin-independent electroweak baryon-nucleon scattering cross section is calculated. We explicitly show the masses of the electroweak baryons and the cross section as functions of the Peskin-Takeuchi S parameter and the ratio of the masses of axial-vector and vector composite bosons. We find that it is acceptable to regard the electroweak baryon as a dark matter candidate and the even number of technicolor is favored.
The lightest electroweak baryon as a topological object is investigated by using a general effective Lagrangian of composite electroweak symmetry breaking and the spin-independent electroweak baryon-nucleon scattering cross section is calculated. We explicitly show the masses of the electroweak baryons and the cross section as functions of the Peskin-Takeuchi S parameter and the ratio of the masses of axial-vector and vector composite bosons. We find that it is acceptable to regard the electroweak baryon as a dark matter candidate and the even number of technicolor is favored.
PACS numbers: 12.39.Dc, 12.39.Fe, 12.60.Rc
I. INTRODUCTION
The mechanism of electroweak symmetry breaking (EWSB) is still an open question in particle physics (for a recent review, see, e.g., Ref. [1] ) even after the confirmation of the Higgs boson [2, 3] . Among the models of new physics, the composite EWSB mechanism is the interesting one (see [4] and references therein).
The basic character of the composite EWSB mechanism is the following: Given the existence of a fundamental non-Abelian gauge theory, such as technicolor (TC) theory, above the scale of EWSB, one explains the Higgs boson in standard model (SM) of particle physics as a composite particle, similar to the light scalar meson in QCD. It was found that, to have a phenomenologically acceptable, TC theory should have a softly scale dependent (nearly conformal) gauge coupling constant [5] , that is, a scale-invariant/walking/conformal technicolor (SWC-TC) theory. And, near the conformal window, the vector and axial-vector composite states are almost degenerate [6] and, the Peskin-Takeuchi S parameter should be reduced [6] [7] [8] .
In the composite EWSB mechanism, one can immediately expect that there are composite EW baryons, like what happens in QCD, in addition to the composite bosons. In the literature, the spectrum of the TC baryon as a soliton has been studied more than 30 years [9] [10] [11] [12] and it was found that the mass of the lightest one is a few TeV. Recently, The topological TC baryon was discussed by several groups. In Refs. [13] [14] [15] [16] , in composite Higgs models, the TC baryon as a skyrmion was discussed. Based the LHC constraints, bounds of the TC baryon mass was analysed [17] [18] [19] and, in the framework of standard model Higgs Lagrangian, the upper bounds of the lightest EW baryon could be ∼ 38 GeV [20] . Since the topological EW/TC baryon carries conserved topological charge, it is a stable objects. In addition, by a suitable choice of the charges of its constituents, the EW baryon can be a charge neutral object. These features in- * yongliangma@jlu.edu.cn dicate that the EW baryon could be a dark matter (DM) candidate. Combing the data and experimental measurements, the possible EW/TC baryon contribution to DM was discussed in the literature [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Since the EWSB mechanism is based on the strongly coupled gauge theory, the chiral symmetry of the fundamental theory, here TC, can be broken due to the condensate of the techni-fermion at certain scale, similar to the chiral symmetry breaking in QCD. The purpose of the present work is to investigate the composite EW baryon using the skyrmion approach [22] which has been widely used in particle and condense matter physics (see Refs. [23, 24] for recent reviews and references therein). We use an effective theory of strongly coupled theory with nonlinear realized chiral symmetry including the vector boson techni-ρ and axial-vector boson techni-a 1 based on the generalized hidden local symmetry (GHLS) [25, 26] so that the effect of the mass difference between techni-ρ and techni-a 1 on the EW baryon can be studied. After integrating the techni-ρ and technia 1 , one can express the Skyrme parameter e in terms of parameter R which is the ratio of the masses of techni-a 1 and techni-ρ and Peskin-Takeuchi S therefore investigate the R and S dependence of the EW baryon properties for the purpose to show the EW baryon properties near the conformal window. By using such calculated EW baryon properties and with respect to the observation constraint, we calculate the elastic scattering between the EW baryon without EW quantum numbers and nuclei.
We find that, near conformal window, a smaller S parameter leads to a lighter bosonic EW baryon with mass around a few hundred GeV and this small mass could be further reduced to a few ten GeV when the masses of techni-ρ and techni-a 1 are nearly degenerate. However, near the conformal window, the mass of fermionic EW baryon is larger than 100 TeV, so that its freezeout temperature is much larger than the EW scale. We consider the elastic scattering between the bosonic EW baryon and nuclei and find that the cross section is below the most stringent constraint for the weakly interacting massive (WIMP) DM from PandaX-II [27] so that it is reasonable to regard the bosonic EW baryon as a DM candidate. However, for the fermionic EW baryon, the saturation of the relic density require the underlying TC theory far away from conformal window. So that, with respect to the mass spectrum, the odd number of technicolor is not favored. This paper is organized as follows: In Sec. II we generally explore the lightest EW baryon properties using an effective Lagrangian including techni-π, techni-ρ and techni-a 1 . In Sec. III we discuss the possibility to regard the EW baryon as a DM candidate. Our remarks and discussions are given in Sec. IV.
II. THE LIGHTEST EW BARYON FROM GENERAL HIDDEN LOCAL SYMMETRY
We investigate the lightest EW baryon spectrum with respect to the typical features of SWC-TC by using a chiral effective Lagrangian of strongly coupled gauge theory at low energy scale, the generalized hidden local symmetry (GHLS) [25, 26] , including techni-π, techni-ρ and techni-a 1 . Here, we only consider the Lagrangian with the minimal number of derivatives (for a complete next to leading order Lagrangian, see [28] ). Following Refs. [25, 26] , in GHLS for N T F techni-flavors, we decompose the techni-π field U (x) as
(1)
Under chiral transformation, the relevant quantities transform as
where
stand for the elements of GHLS. Introducing the gauge fields L µ (x)(R µ (x)) corresponding to the local symmetryĝ L,R (x), the effective Lagrangian with the minimal number of derivatives could be written as
with a, b, c, and d being dimensionless constants and
where f π = v EM is the EW scale. The covariant derivatives and the field strengths in above are defined as
In GHLS, the local symmetries [SU (N TF ) L,R ] local are broken so that both vector field
acquire masses. After the local symmetry breaking the Lagrangian in the unitary gauge is
The covariant derivatives are defined as 
In addition, one can incorporate the external gauge fields L µ and R µ by gauge the global symmetry [SU (N TF )] global through the following substitutions in Eq. (5):
With this expressions, the ρ-γ and a 1 -γ transition strengths g ρ and g a1 are obtained as [25, 26] 
We next integrate the techni-a 1 and techni-ρ fields through their equations of motion in consequence. After an appropriate normalization, one reduces the Lagrangian (6) to the standard Skyrme model
with e as the Skyrme parameter and f π proportional to the EW scale v EM . In terms of the parameters in Lagrangian (6), the Skyrme parameter is expressed as
Using the expression for the S parameter in terms of vector and axial-vector parameters [29, 30] and Eqs. (8) and (10), one can obtain
where N D is a number of weak doublet techni-fermion which relates the EW scale and
With respect to the definitions of the decay constants of the a 1 and ρ mesons in GHLS
the Skyrme parameter is rewritten as
By using Weinberg's second sum rule
we reduce this expression to
where R = m a1 /m ρ which, in QCD, has the value √ 2. Eq. (18) shows that near the conformal window, i.e., S → 0 and R → 1, the Skyrme parameter e becomes a large quantity.
The standard calculation in Skyrme model (11) yields the mass of techni-baryon as [31] 
where the soliton mass M sol and momentum of inertia I calculated as
These expressions clearly show that the magnitude of the Skyrme parameter e which is affected by S and R determines the EW baryon mass because f π is at the order of EWSB scale. In addition, Eq. (19) shows that when TC number is even, the EW baryon is a boson with the smallest mass M baryon = M sol while when TC number is odd, the EW baryon is a fermion with the smallest mass M baryon = M sol + 3/(8I). We first consider the effect of the S parameter on the Skyrme parameter e. Here, the region of S parameter is taken as 0 ≤ S ≤ 1.0 with respect to the present fit [32] . We plot the S dependence of Skyrme parameter e with typical values R = √ 2, 1.1 and 1.01 in Fig. 1 . This figure shows that the Skyrme parameter is very sensitive to the S parameter, especially when it is small, like in the region S ≤ 0.14 at 95% CL [32] . We next turn to the effect of parameter R on Skyrme parameter e. Here, the typical values of S are taken as S = 0.01, 0.14 and 1.0. We plot the R dependence of the Skyrme parameter e in Fig. 2 by taking 1.0 < R ≤ √ 2 with the upper value being the QCD case. Fig. 2 shows that the smaller R value, the larger Skyrme parameter e, i.e., the Skyrme parameter is further enhanced by the techni-ρ and techni-a 1 degeneracy.
After a general analysing the effects of the S and R on the Skyrme parameter e. We show in Fig. 3 the parameter R dependence of the lightest bosonic EW baryon mass with S = 1.0, 0.14 and 0.01 and v EM = 246 GeV. From this figure we conclude that a small S or small R leads to a small EW mass around a few hundred GeV.
By solving the homogeneous Bethe-Salpeter equation in the large N f QCD with the improved ladder approximation in the Landau gauge, it was found that approaching the chiral phase transition point from the broken phase, the vector and axial-vector meson masses are degenerate [33] . This character should be taken into account in our present case since we are working on the conformal TC and chiral symmetry restoration is a necessary condition for the conformal invariance. The same conclusion was obtained by using GHLS if the chiral symmetry restoration arises from the Ginzberg-Landau type fixed point [34] . As a result, in SWC-TC, R ≃ 1. With respect to the situation that, at 95% CL, S ≤ 0.14 at 95% CL [32] , the bosonic EW baryon mass should be smaller than 300 GeV. However, if we increase the value of the S parameter to 1.0, the bosonic EW baryon mass could be around 1000 GeV. We plot in Fig. 4 the lightest fermionic EW baryon mass as a function of parameter R with typical values of S. In this case, due to the contribution from collective rotation, the parameter dependence of the fermionic baryon mass is opposite to that of the bosonic baryon mass. From this result, one concludes that, for the TC theory near the conformal window, the EW baryon should be heavier than 100 TeV. Such a heavy EW baryon seems unnatural since its freeze-out temperature is much higher than the EW scale. 
III. DARK ELECTROWEAK BARYON
The charge neutral, massive and stable topological EW baryon has attracted lots of interests in regarding it as a DM candidate. We next discuss this possibility in the present approach. With respect to the relation between the relic density of baryonic matter Ω b and the pair annihilation cross section σ A
one can estimate the upper bound of Skyrme parameter as e ≃ 150 [19] by using Ω b h 2 ≃ 0.02 for baryonic dark matter [32] and the geometric cross section (∼ πR 2 with R = 1/(ef π ) 1 ). With this constraint, the lower limit of the bosonic EW-baryon mass is 60 GeV while the upper limit of the fermionic mass is around 3000 TeV which are very week constraints.
We next turn to the TC-baryon-nuclei scattering. The naive dimension counting shows that, for a bosonic TCbaryon, the charge radius give the dominant contribution while for a fermionic TC-baryon the magnetic moment is essential [21] . Since in the skyrmion approach, the charge radius can be explicitly calculated, we study the cross section of the bosonic TC-baryon since the fermionic TCbaryon is not so natural in the present calculation.
For a charge neutral bosonic TC-baryon, it can be expressed as a complex boson field since it carries a conserved quantum number -technibaryon number -of a continuous symmetry. The effective interaction in terms of the TC-baryon field φ is written as
with F µν being the field tensor of photon. Since in scalar QED −ie(φ * ∂ ν φ − ∂ ν φ * φ) is the charge density current, one can conclude that g φ is the charge radius of charge neutral TC-baryon which, in the Skyrme model, is expressed as
Then, in the nonrelativistic limit, the cross section of dark matter-nuclei scattering is expressed as [21] σ
where m N is the nucleon mass, F C is the nuclear form factor which is normally taken the form F C (Q) = exp(−Q/2Q 0 ) where
is the maximum value of the recoil energy E R with magnitude O(10) KeV which is taken 100 KeV [27] in the present calculation.
Normally, the experimental data are give in terms of the normalized DM-nucleon scattering cross section σ SI n in the spin independent case. σ SI n relates to the DMnuclei scattering cross section σ N through [36] 
with M N being the target nucleus mass and M n = m p,n being the nucleon mass.
In Fig. 5 , by taking the nuclei as Xenon with Z = 54 and A = 131.293 [32] , we plot the R dependence of the normalized WIMP-nucleon elastic scattering cross section with typical choices of S. This figure shows that in the physically allowed parameter region, the cross section is much below the most stringent upper bound given by PandaX-II [27] so that it is reasonable to regarded it as a DM candidate. The results also tell us that the closer to the conformal region (the smaller S and R), the smaller cross section.
We finally make some comments on the fermionic TCbaryon. The effective interaction between TC-baryon ψ and electromagnetic field is
where g ψ is the magnetic moment which can be calculated in the Skyrme approach. For isoscalar TC-baryon, one can obtain
So that, from the geometric cross section one estimates e ∼ 10 which indicates that the underlying TC theory should be far away from the conformal window. In this sense, we conclude that the number of technicolor cannot be odd. The predicted spin-independent WIMP-nucleon elastic scattering cross section as a function of R with S = 1.0 (solid line), 0.14 (dotted line) and 0.01 (dashed line).
IV. SUMMARY AND DICUSSIONS
In this paper we explored the properties of the lightest EW baryon as a topological object in an effective Lagrangian of strongly coupled gauge theory of composite EWSB with respect to the present experimental constraint.
For the bosonic EW baryon which could be realized when the number of technicolor is even, we found that the small S parameter, especially that with 95% CL of the present constraint, which could be realized in SWC-TC induced a small EW baryon mass around a few hundred GeV. If we take into account the fact that near the conformal window the techni-ρ and techni-a 1 are nearly degenerate, the EW baryon mass is further reduced to a few ten GeV. We conclude that in the composite EWSB theory, near the conformal window, in the case the chiral symmetry is restored which is a necessary condition for the conformal invariance, the small Peskin-Takeuchi S parameter and the nearly degenerate techni-ρ and techni-a 1 mass leads to a very light EW baryon with mass around a few ten GeV. In contrast, if the number of technicolor is odd, the EW baryon is a fermion. In this case, it has a unreasonable large mass so that is not favored phenomenologically.
We also calculated the cross section of the EW baryonnuclei. We found that for a bosonic EW baryon, the cross is much below the most stringent PandaX-II constraint so that it is reasonable to regard the EW baryon as a DM candidate. However, for a fermionic EW baryon, to explain the relic density, the underlying fundamental theory should far away from the conformal window as a result the fermion EW baryon, or equally the odd number of technicolor, should be excluded.
In addition, since the bosonic EW baryon could have a mass at O(100) GeV, it might be interesting to search it at certain collider such as LHC at CERN. Because the charge neutral bosonic EW baryon without EW quantum number interacts with the ordinary matter very softly, it is very difficult to observe it. But the charged bosonic EW baryon with EW quantum numbers which can be obtained by an appropriate arrange the EW quantum numbers of its constituents such TC fermion should be interesting.
As we know that from QCD that the soliton mass is affected by the infinite tower of vector resonances and the more resonances are included, the lighter baryon masses and smaller baryon sizes [37, 38] . So that, the present results of the bosonic baryon mass and size can be regarded as a upper bound. A possible way to study the effect of the infinite tower of vector resonances is to the holographic models of strongly coupled theory. This will be reported elsewhere.
